Abstract-This paper introduces a novel differential modulation scheme for a two-user cooperative diversity system which does not require channel state information at either the users or the destination. The performance of fixed decode-and-forward and selection relaying protocols is evaluated in both symmetric and asymmetric interuser-channel cases. The lower bound on the performance of the decode-and-forward protocol is given, while the exact bit-error probability of the selection relaying protocol is thoroughly derived. The decode-and-forward relaying protocol achieves a performance gain when the signal-to-noise ratios in the interuser channels are symmetric and sufficiently high. The selection relaying protocol shows a larger performance gain and does not exhibit an error floor like in the case of the decode-and-forward protocol. In addition, it is robust to the asymmetric interuser channels.
I. INTRODUCTION
T RADITIONAL space-time coding and multiple-input multiple-output (MIMO) techniques exploit spatial diversity through multiple transmit and/or receive antennas. However, due to the size of a mobile and carrier frequency constraints, achieving spatial diversity through multiple antennas may not be possible. Cooperative diversity has recently emerged as an alternative way to achieve diversity with a single antenna at the mobile. As there are many users in the wireless system, cooperative diversity allows sharing the resources (e.g., time, frequency) among cooperative users and each user can serve as a relay for the transmissions of other users' information. Diversity is obtained from the relay transmissions by other users in the system.
The concept of cooperative diversity was introduced in [3] , where the capacity region, outage probabilities, coverage area were derived and code-division multiple-access (CDMA) implementation was discussed. In [4] , outage probabilities for several relaying protocols were derived. It was concluded that except for the fixed decode-and-forward relaying protocol, all other protocols which are amplify-and forward relaying, selection relaying and incremental relaying achieve full diversity. In [5] , an improved multiple-access scheme over [4] referred to as space-time coded protocol was proposed and it was shown to offer full spatial diversity with better bandwidth efficiency. Previously mentioned works consider simple repetition codes and hard decisions at the relay mobiles or use a random coding argument to develop some performance bounds. The concept of coded cooperation, where the relay mobile is allowed to perform channel coding, was introduced in [6] and later extended in [7] , where the ideas of space-time coding and turbo coding were exploited. Other related works include [8] , where Alamouti's space-time block code [1] was applied in a wireless relay system [9] , where a linear space-time block code was applied in a cooperative relay system in purely line-of-sight channels, and [10] where space-time signal design criteria were given for fading relay channels and the selection relaying protocol based on a cutoff rate of the channel was proposed.
In all the above research works, perfect channel state information (CSI) is assumed and coherent detection is employed at all receivers. In practice, this means channel estimation has to be done at the cooperative users and at the destination. This leads to a very complex system when many users are involved since channel estimation is needed for each pair of users, even if we neglect the possibility of asymmetric channels among the users.
In this paper, we propose a differential modulation scheme for two-user cooperative diversity systems which bypasses channel estimation. This modulation scheme can be considered as a nontrivial modification of differential phase-shift keying (DPSK) and differential space-time block codes (DSTBC) in [2] . Both users want to communicate to the same destination (e.g., base station). The information of one user stays in the in-phase axis (I axis), while that of the other user stays in the quadrature-phase axis (Q axis). This is to ensure that each user's information will be decodable at the destination. This paper considers the situation where both users have information to send and they share the same frequency band. Therefore, multiple access is done by time-division multiple access (TDMA). We focus on a half-duplex transmission, i.e., the mobiles cannot transmit and receive signals at the same time. In addition, the mobiles are able to perform differential decoding and re-encoding of the partner's message, as well as negative and conjugate operations before relaying the signals.
We consider the decode-and-forward and the selection relaying protocols [4] in which the relay mobiles perform differential decoding and re-encoding of the partner's message. In the Fig. 1 . TDMA scheme for two cooperative users, U1 is the first user, U2 is the second user, and D is the destination.
case of selection relaying, cyclic redundancy check (CRC) bits are used to detect whether the information has been received correctly. We derive the exact bit error probability (BEP) of the perfect interuser case which is a lower bound on the performance of the relaying protocols and the exact BEP of the selection relaying protocol in both asymmetric and symmetric interuser channels.
The paper is organized as follows. Section II describes the system model for a two-user cooperative diversity system. Section III proposes a differential modulation scheme for each cooperative user. Section IV presents the relaying protocols adapted from [4] . Section V presents performance analysis of the relaying protocols. Section VI presents the results and discussion. Concluding remarks are given in Section VII.
II. SYSTEM MODEL
We consider a cellular system in which two cooperative users are transmitting their information to the same destination (e.g., the base station). A single antenna is accommodated at each user and at the destination. Both users share the same frequency band and the mobile of each user cannot transmit and receive a signal at the same time. The TDMA scheme and its associated transmissions and receptions are shown in Fig. 1 . A total time frame is divided into three time frames. The first time frame belongs to the first user (U1) information. The second time frame belongs to the second user (U2) information. The third time frame is shared between both users and is used to relay each other's message to the destination (D). Notice that this partitioning of the time frame is different from those in [4] and [5] but similar to that in [10] . Compared with the space-time coded medium access control in [5] , this partitioning is more bandwidth efficient since the relay transmissions share both time and frequency resources.
The interuser channels and the user-destination channels are independent of each other. All channels experience frequency flat fading and are quasi-static, i. e., they are fixed during a multiple-access time frame (three time frames) and change independently in the next frame. Suppose the multiple-access time frame occupies symbol intervals which accommodate information symbols from each user mobile. With the above assumptions, we now consider a low-pass equivalent discrete-time model. In the first time frame, the first user mobile transmits its own message and the destination receiver and the second user mobile receive the signal. At the destination receiver, the received signal corresponding to the direct transmission is given as
(1) where is a symbol transmitted from the first user at the th symbol interval, . During this frame, at the second user mobile, the received signal is written as (2) In the second time frame, the roles of the first and the second user are switched. Therefore, at the destination receiver and at the first user mobile, the respective received signals and are (3) where is a symbol transmitted from the second user at the th symbol interval, . In the third time frame, both user mobiles act as relays and transmit the relay signals at the same time. The signal arriving at the destination is a linear combination of signals from both transmission paths, which can be written as (4) where , are relayed symbols transmitted from the first and the second user mobile, respectively, at the th symbol interval . In (1)-(4), the coefficients, , , are associated with each transmission path from to . They represent channel gains, which take into account fading and shadowing, and incorporate transmission signal energies. They are modeled as independent zero-mean complex Gaussian random variables. The subscripts "1" and "2" represent the first and the second user mobiles and the subscript " " represents the destination. Since the channels are fixed during the multiple-access time frame, the time variable is omitted. The , representing additive white noise and interference, are modeled as independent circularly symmetric zero-mean complex Gaussian random variables with variances and , respectively. The signal-to-noise ratios (SNRs) associated with each link shown in Fig. 2 are defined as , ,
. The , are referred to as interuser SNRs. For simplicity in the comparison with the no-cooperation case, both SNRs in the user-destination links are set to be equal to .
III. DIFFERENTIAL ENCODING AND DECODING
To make this work, binary phase-shift keying (BPSK) information symbols are assumed for both users. As previously mentioned, the first user's data symbols lie on the I axis, while the second user's data symbols lie on the Q axis of the low-pass equivalent discrete-time model. The first and the second user's data symbols are represented, respectively, by and , where , , 2, and . For the first user, the transmitted symbols in the first time frame are encoded by (5) For the second user, the transmitted symbols in the second time frame are encoded by (6) Note that while the transmission symbols of the first user are still in the BPSK constellation, the transmission symbols of the second user are expanded to the quadrature phase-shift keying (QPSK) constellation. The necessary initial symbols are assumed to be and . These a priori known initial symbols are needed to perform differential re-encoding at the relay mobiles. Now, let us consider the transmission signals during the third time frame. In [4] , a simple fixed amplify-and-forward protocol is shown to achieve spatial diversity, where the relay signal has been multiplied with a factor whose value depends on the channel gains and noise. Since we are not going to use CSI here, we choose to apply the decode-and-forward protocol in which differential decoding and re-encoding are performed at both users. At the first user mobile, differential decoding is performed by determining (7) and the decoded data symbol, , if and , if
, where is the imaginary part and is a conjugate. The second user performs differential decoding by determining (8) where the decoded data symbol, , if and , if . To perform differential re-encoding, the first user employs (6) with replacing . This results in a symbol which contains the second user's message. On the other hand, the second user employs (5) with replacing . This results in a symbol which contains the first user's message. Now, the first user mobile transmits the relay signal as , and the second user mobile transmits the relay signal as , simultaneously. This structure is similar to the Alamouti's scheme in which the direct transmission symbols correspond to the elements in the first row (symbol interval), while the relayed symbols correspond to the elements in the second row of the Alamouti's matrix [1] . The received signal in (4) can be rewritten as (9) After this signal arrives at the destination, differential decoding is performed as follows. First, the receiver combines the signals from the direct transmissions from both users as (10) where
. The received signals in (9) and (10) are almost similar to those of the Alamouti's scheme. The only differences are another additive noise term in (10), the possibility of symbol errors in (9) , and the delay of user symbols inherent in the cooperative system. Next, the receiver computes (11) where . Substituting (9) and (10) into (11) and after some manipulation, we can readily show that (12) where . Note that only when both relay mobiles transmit correct re-encoded symbols. Since the data symbols and are in the I axis and Q axis, respectively, we can decode them separately by considering the real and imaginary parts of (12) . Therefore, the following decision rules are obtained: (12) is almost similar to the differential detection for DSTBC in [2] . The difference is that more noise terms exist in (12) and neither nor represents a single symbol (as in the case of DSTBC). Instead, each represents two symbols, transmitted from two users and from different axes, as well as the relay symbols which have been re-encoded. If the relay symbols are re-encoded at the mobiles without error, i.e., , , at the destination, it seems that each data symbol experiences a second-order diversity (from and ). Therefore, at high interuser SNRs, we expect performance improvement due to this spatial diversity from the cooperative user channels. Note that for this scheme to work, the symbol must be unique and has the same Euclidean norm. This limits our use to the BPSK information. One might ask why DSTBC can be applied with higher order M-PSK symbols. The reason is that DSTBC has another decoding metric ([2, eq. (23)]) to make M-PSK decoding possible. Unfortunately, this metric does not have obvious physical meaning when applying this to the information symbols of the cooperative users and, therefore, it cannot be used here.
IV. RELAYING PROTOCOLS
In the cooperative diversity system, the relaying protocol is a crucial component to achieve diversity. Each protocol has its own tradeoffs among performance, complexity and data transmission rate. The relaying protocols in this paper are adapted from [4] .
A. Fixed Decode-and-Forward Relaying (DF)
With this protocol, the relay mobile fully decodes or symbol-by-symbol decodes the received codeword before transmitting the relay signal. In [4] , "decode" refers to coherent detection and "forward" refers to relaying the decoded symbols. In this paper, "decode" means differential decoding and "forward" means relaying the re-encoded symbols as described in the previous section.
B. Selection Relaying (SR)
When the channels between cooperative users are not good, several decoded and re-encoded symbol errors occur at the relay mobiles. With the DF, it will turn out that several relay symbols in error will be transmitted. These relay symbols in error result in performance degradation even when the direct transmission channels are good. Therefore, it turns out that it is better not to transmit anything from the relay mobile when the interuser channels are not good. In [4] , SR was proposed in which not all relay mobiles are allowed to transmit the relay signals. The permission to transmit the relay signals or not depends on the amplitudes of the fading gains between the source mobile and the relay mobile. If these values fall below a certain threshold, the relay mobile is not allowed to transmit the relay signal but instead transmits its own information signal. In this paper, since we are not going to use the CSI, we assume that CRC bits have been added before differential encoding at the source mobile. Then, at the relay mobile, the receiver performs a CRC check after differential decoding to see if the whole frame has been received correctly. If the frame is received correctly, the relay mobile is allowed to perform differential re-encoding and forward the relay signal, otherwise, it does nothing. The relay mobile is not allowed to transmit its own message at this time frame since doing that will destroy the Alamouti's transmission structure and differential decoding operation. The CRC check technique is also used in [7] with the possibility of continuing its own transmission of the relay mobile. In this paper, we assume that 16-bit CRC is applied and its error detection is perfect.
When one of the mobiles stops its relay transmission, the destination will adapt the decoding scheme in order to avoid noise from its direct transmission. For example, suppose only the second user mobile transmits the relay signal whose information belongs to the first user mobile. For the destination to decode the first user's message, the direct transmission signal from the first user in (1) instead of the combined signal in (10) will be used to compute the decision variable in (11), while conventional DPSK differential decoding is used for the second user. In this manner, diversity can still be achieved for the first user mobile without being interfered by the second user direct transmission.
Note that both protocols require the destination to know whose message the user is transmitting. We have to resort this problem to the higher layer protocol. The message may be sent by a control channel/protocol information. Note that this message has to be sent only once to the destination since frames are synchronized.
V. PERFORMANCE ANALYSIS
The performance measure in this paper is BEP. Since differential decoding in this paper has an intimate relationship to DSTBC decoding, the analysis for DSTBC can be readily applied in the cooperative system. In this paper, we follow the approach in [11] , where the BEPs of DSTBC with BPSK and QPSK were derived. The analysis here includes both the symmetric and asymmetric interuser cases.
A. BEP in the Perfect Interuser Case
When the cooperative users have perfect information about each other's transmission sequence, there will be no misleading relay information transmitted. This ideal case represents the limiting performance of cooperative diversity with any kind of relaying protocols. Therefore, the performance of the perfect interuser information case will be a lower bound on the performance of the DF and SR protocols in this paper. This bound will also be used in the analysis of the SR protocol to follow. In the perfect interuser case, the BEP does not depend on the interuser channel. It rather depends on how the destination decodes the signals. For the SR protocol, it might happen that one of the mobiles stops its relay transmission (one user does not have perfect information of the other). Therefore, the computation of the BEP is divided into two cases.
1) Full Relaying: Full relaying occurs when both user mobiles transmit their relay signals. For a single receive antenna at the destination, the BEP is given by (see Appendix I) (13) 2) Single Relaying: When one of the user mobiles stops its relay transmission, the destination receives only the relay signal from the other user. For a single receive antenna at the destination, the BEP is given by (see Appendix I) (14) Note that full relaying in general. This makes sense since the number of noise terms in (12) is smaller in the single relaying case (compare (19) and (24)), i.e., performance is gained at the user with single relaying without being interfered by the other user.
B. BEP of SR Protocol
In the SR protocol, a user mobile transmits the relay signal when the whole frame has been received correctly. This implies that no symbols in error will be transmitted in the relay signal, and we can apply the BEP derived in the perfect interuser case. This also means that the probability of a user mobile transmitting the relay signal is , where is the frame error probability of DPSK belonging to the th user mobile. The frame error probability of DPSK is given by (see Appendix II) The probability of this case is . Bit errors occurring at the destination are from differential decoding with single relaying. Case 3) Only the first user transmits a relay signal: The probability of this case is . Bit errors occurring at the destination are from DPSK decoding similar to the first case. Case 4) Both users transmit a relay signal: The probability of this case is . Bit errors occurring at the destination are from differential decoding with full relaying.
The BEP of the SR protocol is found by averaging BEPs of the above four cases. This can be written as (16) where is a conventional BEP of DPSK under Rayleigh-fading channels [12] . When the , (16) reduces to (17) in which the first user and the second user are not distinguished.
VI. RESULTS AND DISCUSSION
Noncooperative transmission of DPSK is chosen as a baseline performance which does not have diversity gain. Included in all plots are the performance of DPSK, the performance with perfect interuser information and full relaying (for DF or SR protocols), and the performance of amplify-and-forward relaying (AF) with coherent detection [4] , [13] . In order to compare different protocols with a different rate loss due to a reference symbol and CRC bits, let us define the pure information bit SNR as (18) where , for DPSK, , for the AF protocol, , for the DF protocol and , for the SR protocol. The frame length is 131 symbol intervals which accommodate 130 information symbols. In the figures, simulation results are presented with markers, while analytical results are presented with lines.
A. Symmetric Interuser Channels
In this case, since all the channels seen by each user are the same, both users experience the same performance. As shown in Fig. 3 , the DF protocol achieves a performance gain over DPSK when dB in the medium range of . At relatively higher than , the protocol experiences an error floor and cannot outperform DPSK. This error floor comes from the re-encoded symbols in error occurring at the relay mobile. These re-encoded symbols in error cause misleading information which affects the decoding in (12) . When is very high, e.g., dB, the protocol outperforms DPSK over the whole range of interest. In the perfect interuser case, no error floor exists and it indeed achieves second-order diversity as seen from the slope of the curve. The analytical BEP matches exactly with the simulation results (not shown) in the perfect interuser case. The AF protocol with coherent detection has about 4-dB performance gain compared with even the perfect interuser case at BEP of 10 .
The performance of the SR protocol is shown in Fig. 4 . At dB, the protocol is about 1-dB inferior to DPSK mainly due to the rate loss caused by CRC bits. At dB, the protocol achieves about 2-dB gain over DPSK at medium to high . At dB, the protocol has only less than a 1-dB gap compared with the perfect interuser case at 10 . No error floor is found in the SR protocol since no symbols in error are allowed to be transmitted in the relay signals. The analytical results show excellent matches with the simulation results. Note that the gap between the AF protocol and the perfect interuser case with the SR protocol is a little greater than that with the DF protocol since CRC bits in the SR protocol introduces a small rate loss.
B. Asymmetric Interuser Channels
When the interuser channels are asymmetric, each user experiences a different performance. This might occur when one user experiences local interference, while the other does not. For example, one user might be surrounded by local interfering devices or mobiles which do not affect the other user since the distance is too far. The asymmetric interuser case can also occur when power control is used and due to different distances from the base station, the users' transmit powers could be different. We fix dB and evaluate the performance of both users when , 20 dB. The first user's performance is shown by empty markers and the second user's performance is shown by filled markers. With the DF protocol, as shown in Fig. 5 , the first user experiences a performance degradation from the asymmetric interuser channels. The error floor of the first user is higher when is lower. This is because symbols in error belonging to the second user presented in the relay signal affect the decoding of the first user as well [see (12) ]. From the second user's point of view, a higher does not provide any help to the second user's performance. For example, the performance of the second user mobile at dB stays the same whether when is at 25 dB or at 20 dB. (Compare Figs. 3 and  5 .) The AF protocol largely outperforms the DF protocol in this asymmetric channel case.
For the SR protocol, as shown in Fig. 6 , the performance of the first user is not deteriorated when . In fact, a small improvement of the first user is observed when is lower.
Since when this situation happens, the first user mobile transmits the relay signal less often and the BEP at the destination falls more frequently into the single relaying case whose BEP is lower than that of the full relaying case. The above discussion implies that the SR protocol is robust to asymmetric interuser channels. Similar to the DF protocol, from the second user's point of view, does not provide any help to the second user's performance. Compared with the AF protocol, both users have about 5-dB gain over the SR protocol at BEP of 10 .
VII. CONCLUDING REMARKS
A novel differential modulation scheme is proposed in a twouser cooperative diversity system which does not require CSI either at the user mobiles or at the destination. This scheme achieves second-order diversity efficiently with the selection relaying protocols. With the DF, this scheme still significantly outperforms DPSK when interuser SNR is high and the interuser channels are symmetric. We have shown that the selection relaying protocol is robust to the asymmetric interuser channels by both simulation and analytical results. Although AF seems to outperform the proposed approach, the first requires CSI, whereas the latter does not. Extension to more than two cooperative users would be a challenging task.
Note that the effect of phase noise to the proposed scheme remains to be investigated. Nevertheless, we expect that if the phase noise associated with each user-destination link is symmetric and small, our approach should tolerate a certain amount of phase noise. However, if the phase noise associated with each user is different (asymmetric), the proposed scheme might have considerable amount of performance degradation. This is in contrast to DSTBC in which the antennas are co-located and they can share the same oscillator.
During the revision of this paper, we found that [14] addresses noncoherent approach for cooperative diversity system as well. However, their approach is based on BFSK and only one user source exists.
APPENDIX I BEP OF DIFFERENTIAL MODULATION IN THE PERFECT INTERUSER CASE
Without loss of generality, the data symbols are assumed to be , . The decision variable is computed during the time interval . In the following derivations, we will neglect all second-order noise terms. Due to the symmetry of the constellation, the BEP in other cases can be found to be the same.
A. Full Relaying
In this case, the decision variable from (12) at the destination can be written as (19) where , . Note that the multiplication of does not affect the probability density function (pdf) of noise. The symbols from both users are represented by , which can be viewed as a single symbol with amplitude in a two-dimensional constellation shown in Fig. 7 . Define the following variables:
The decision variable is written as . We also have , , , . Therefore, and are zero-mean correlated complex Gaussian random variables with each pair independent and identically distributed from the other. Now, the problem at hand closely matches with those in [11] and [12, App. C].
The symbol can be considered as that it lies on the -rotated constellation with respect to the real axis, as shown in Fig. 7 . Hence, the BEP is the probability of the phase of , defined as , lying between and . Since the pdf of , , is an even function [12] , the BEP can be expressed as (21) This integral has the same form as the BEP of QPSK under Rayleigh-fading channels [11] , [12] , which has been evaluated as (22) Here, is the number of receive antennas, . For one receive antenna, substituting into (22), we obtain (23)
B. Single Relaying
Suppose only the second user transmits a relay signal whose information belongs to the first user. Then, the decision variable can be written as
Similar to the full relaying case, let us define
The decision variable is written as . In addition, we also have , , , . Therefore, and are zero-mean correlated complex Gaussian random variables with each pair independent and identically distributed from the other.
Hence, the BEP is the probability of lying between and which is expressed as (26) This integral has a similar form as BEP for BPSK under Rayleigh-fading channels which has been evaluated as [11] , [12] (27) Here, . For one receive antenna, substituting into (27), we obtain (28) APPENDIX II FRAME ERROR PROBABILITY OF DPSK UNDER QUASI-STATIC RAYLEIGH-FADING CHANNELS For given fixed channel gains within a frame (and therefore, fixed SNR), the BEP of DPSK as a function of SNR is given by [12] (29)
where is a given SNR. Since the occurrence of each bit error is independent for a given SNR, the frame error probability is given by (30) where is the information frame length. The frame error probability of DPSK under quasi-static Rayleigh-fading channels can be found by averaging (30) over the pdf of SNR. The pdf of instantaneous SNR under Rayleigh-fading channel is given by , [12] . Hence, the required frame error probability is (31) where is defined as (32)
By integration by parts with and , we can express as
Continuing the integration by parts with and , we can write as (34) By performing the integration by parts of the last term and so on, after some manipulation, can be written as (35) in which the last integral . Hence, can be written as (36) Hence, the frame error probability of DPSK under quasi-static Rayleigh-fading channels is (37)
When
, the becomes which corresponds to the BEP of DPSK under Rayleigh-fading channels as expected.
